Human and mouse genomic sequence comparisons are being increasingly used to search for evolutionarily conserved gene regulatory elements. Large-scale human-mouse DNA comparison studies have discovered numerous conserved noncoding sequences of which only a fraction has been functionally investigated A question therefore remains as to whether most of these noncoding sequences are conserved because of functional constraints or are the result of a lack of divergence time.
[The sequence data described in this paper have been submitted to the GenBank data library under accession nos. AF276990.]
Based on the supposition that actively conserved human-mouse noncoding sequences will be present in a third mammal, whereas noncoding regions that are similar because of an insufficient accumulation of random mutations will be absent, we sequenced ∼200 kb of orthologous human (5q31), mouse (chromosome 11), and dog (chromosome 4) DNA. The functions of conserved noncoding sequences (syntenous gene regulatory elements) are unaffected by relatively small random insertions or deletions of base pairs, and therefore, standard local alignment algorithms that identify ungapped conserved regions are not ideally suited for their discovery. For this reason, comparative analysis was performed by generating pairwise global sequence alignments [human-dog (H/D), human-mouse (H/M), and mouse-dog (M/D)], and we developed an algorithm to search for blocks of similarity in the alignments. To view the conserved regions in the three pairwise sequence alignments simultaneously, we developed a new visualization tool, VISTA (visualization tool for alignment). Inspection of the graphical output of VISTA revealed that the H/D, H/M, and M/D alignments have almost identical patterns of noncoding sequence conservation (Fig. 1) . The content and order of the six genes in this 200-kb region are the same for all three species; however, the coding regions of two genes, Interleukin-4 and Interleukin-13, are only moderately conserved (∼50% identity).
Previous H/M DNA comparison studies have used arbitrary cutoff criteria (ՆX% identity over ՆY bp) to define noncoding sequences as evolutionarily conserved (Loots et al. 2000) . Here, we statistically determine cutoff criteria for defining conserved noncoding sequences by examining the three pairwise sequence alignments, H/D, H/M, and M/D, using intersection/ union (I/U) analyses (Table 1) . The cutoffs for which the sum of the three pairwise I/U values (largest number of overlapping, and least number of unique, conserved noncoding elements) was maximal were as follows: H/D, Ն92% identity over Ն120 bp; H/M, Ն80% identity over Ն120 bp; and M/D, Ն77% identity over Ն120 bp. These data indicate that the high percent identity noncoding sequences in the ∼200-kb region examined are most similar in humans and dogs and therefore suggest that H/D DNA comparisons may be better than H/M DNA comparisons for detecting conserved noncoding elements. At the optimal cutoffs, 16 H/D conserved noncoding sequences (CNSs) were identified of which 14 were present in all three pairwise sequence alignments. Two of the CNSs (at 97 kb and 108 kb) have been experimentally determined to be gene regulatory elements supporting the cutoff criteria obtained from the I/U analyses (Henkel et al. 1992; Loots et al. 2000) . The two CNSs present in humans and dogs (at 2 kb and 98 kb) but not in mice (Fig. 1 ) may represent gene regulatory elements that either are not conserved at the sequence level between humans and mice or have been lost in mice during evolution. Using the statistically determined percent identity and length thresholds resulted in few putative false negatives (the CNSs are present in all three species but fall slightly below the cutoff value); however, a significant number of exons in the genes within the region do not meet these criteria (Fig. 1) . Less stringent cutoff criteria would have included these exons but resulted in the overprediction of noncoding sequences as conserved (false positives).
The vast majority of the H/M CNSs identified in the 200-kb region examined are also present in dog. This is an important finding as it suggests that a large fraction of the high percent identity noncoding elements identified through H/M DNA comparison studies are conserved because of functional constraints. A problem with two-species sequence comparison studies is that cutoff values for defining noncoding elements as conserved are based on biologists' intuition for what constitutes a biologically significant threshold. Our simultaneous comparison of orthologous sequences from three mammals allowed us statistically to determine percent identity and length thresholds to define actively CNSs. These cutoff values may be useful guidelines for identifying CNSs in genomic regions for which only human and mouse DNA sequences are available.
METHODS Genomic Sequences
Human 5q31 (NT 000170) and mouse chromosome 11 (AC005742) sequences were obtained as described (Loots et al. 2000) . A dog chromosome 4 bacterial artificial chromosome (BAC) was isolated from BACPAC resources library (RPCI-81), sequenced in draft format, and the contigs were ordered and oriented (AF276990).
Sequence Alignments and Visualization
Sequences were globally aligned using GLASS (global align- (Batzoglou et al. 2000) , and conserved regions were identified by calculating the percent of identical nucleotides within a 100-nucleotide window moved in 25-nucleotide increments across the alignments. The source code of VISTA, the Java program for visualization of alignments, is available upon request, and a VISTA server can be accessed at http://www-gsd.lbl.gov/vista.
I/U Analysis
Conserved segments with percent identity X and length Y were defined to be regions in which every contiguous subsegment of length Y was at least X% identical to its paired sequence. These segments were then merged to define the conserved regions. The I/U analyses were performed to define length and identity cutoffs as follows: The set of conserved regions between the H/M (denoted by A) and the M/D (denoted by B) were identified. Regions a ∈ A and b ∈ B were considered equal if they overlapped in the mouse sequence. I/U was then obtained by computing |A ∩ B|/|A ∪ B| where |A ∩ B| = min(|A ⊂ B|,|B ⊂ A|) and |A ∪ B| = |A| + |B| ‫מ‬ max(|A ⊂ B|,|B ⊂ A|). |A ⊂ B| is the number of regions in A that are equal to regions in B. This number might be different from |B ⊂ A| because it is possible that multiple regions in one alignment are equal to one region in the other.
Table 1. Intersection/Union Analysis of H/M vs M/D Conserved Noncoding Sequences
A subset of the I/U analysis for the H/M vs M/D sequence alignments at varying % identity (ID) over a fixed length (120bp) is shown. Each entry is the I/U percentage, which indicates the proportion of CNSs that were present in either the H/M or M/D alignments (at Ն the given % ID criteria) that were present in both. The % ID optimal cutoffs for CNSs is the H/M (Ն80% ID) and M/D (Ն77% ID) values correspond to the largest I/U percentage (red).
